I. Introduction
Studies of radicals and diradicals are of interest to many diverse fields of chemistry, biology, and physics. [1] [2] [3] [4] [5] [6] [7] [8] [9] For instance, in one potent subset of anticancer drugs, 3 DNA strand cleavage leading to cell apoptosis can be initiated by the diradical p-benzyne, generated from the Bergman cyclization reaction of enediyne. 10 Due to their frequently unstable and short-lived nature, as well as their complicated electronic structure, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] these types of diradicals are challenging to investigate both experimentally and theoretically. However, a thorough characterization of their thermodynamic and spectroscopic properties is an important step towards further understanding their role as reaction intermediates. Studies of distonic radical ions, ions that have their radical site separated from their charge site, are also of interest to the scientific community. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Radical ions may react either as radicals or as ions, with their multifunctionality allowing them to contribute to a number of reaction schemes. Their initial study is largely due to the pioneering work of Kenttämaa and coworkers and their efforts towards understanding distonic radical cations in the gas phase, 34 although distonic radical anions have also been extensively explored. 23, 26, 29 As the study of these radical ions continues, they have been shown to be relevant in reaction mechanisms, often in zwitterionic chemistry, with a famous example being the McLafferty rearrangement of molecular ions in carbonyl compounds. In some early work, distonic radical anions were studied with electron spin resonance spectroscopy. 22 However, these initial studies were limited to distonic radical anions and/or diradicals that were long-lived in the condensed phase, with lifetimes on the order of minutes to hours. Later, both diradicals and distonic radical anions became a focus of gas phase studies, particularly within the mass spectrometry field. Both electrospray ionization 30 and gas phase deprotonation reactions, such as using flowing afterglow -selected ion flow tube (FA-SIFT) mass spectrometry, 28 have been instrumental in providing more information on the structure and energetics of these reaction intermediates. The latter technique, which involves reacting O À with a neutral molecule of interest, is used in this study. Time of flight (TOF) mass spectrometry, Fourier transform ion cyclotron resonance mass spectroscopy, and collision induced dissociation have all been utilized to study these types of molecules and anions. 22, 23, 34 Anion photoelectron spectroscopy (PES) has been a particularly advantageous technique in characterizing distonic radical anions and their corresponding neutral diradicals. By starting with the open shell distonic radical anion and photodetaching an electron, transitions to both the singlet and triplet electronic states of the neutral diradical can be observed. Thus, anion PES has the potential to yield a wealth of information, including details of the electronic structure (such as the electron affinity and singlet-triplet splitting) and vibrational frequencies of the neutral diradical. This study investigates the ortho, meta, and para isomers of methylphenol, also known as cresol, following their reaction with O À in the gas phase. The abstraction of (H + H + ) by O À will be shown to primarily produce the distonic radical anions o-, m-, and p-methylenephenoxide. Cresols themselves are critical reagents in many organic syntheses and in a large number of industrial applications. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Much of their behavior is well understood, and thus they are used as model systems in studies ranging from catalysis to ionic liquids. While a wealth of information exists on cresols, including our own work on methylphenoxide anions and methylphenoxyl radicals, 46 methylenephenoxides are not yet well understood and present an opportunity to study distonic radical anions and diradicals by way of photodetachment. This work is a joint effort across three different experimental setups, using both pulsed and continuous anion PES, as well as FA-SIFT mass spectrometry in conjunction with the acid bracketing procedure. 47 This combined effort yields information on the electron affinities (EAs), singlettriplet splittings, and several vibrational frequencies of the neutral methylenephenoxyl molecules, along with deprotonation enthalpies of the methylenephenol radicals. This information is used in conjunction with a thermodynamic cycle to derive the O-H bond dissociation energies for the methylenephenol radicals.
II. Experimental methods

Chemical samples
Samples of o-, m-, and p-methylphenol were obtained from Sigma-Aldrich Inc. (Z98% pure). Selectively deuterated samples of 3,4,5,6-d 4 ,OD-o-methylphenol and methyl-d 3 -m-methylphenol were purchased from CDN Isotopes, Inc. (Z98% pure), while 2,3,5,6-d 4 ,OD-p-methylphenol was purchased from Sigma-Aldrich Inc. (Z98% pure). Acids for the bracketing experiments using the FA-SIFT instrument were purchased from Sigma-Aldrich Inc. with the exception of phenol (Mallinckrodt Pharmaceuticals Inc.). The acids and their given purities are as follows: p-trifluoromethylphenol (Z97%), 3-mercaptopropionic acid (Z99%), o-chlorophenol (Z99%), p-fluorophenol (Z99%), propionic acid (Z99.5%), acetic acid (Z99%), phenol (Z99%), 2,2,3,3,3-pentafluoro-1-propanol (Z97%). All of the chemicals were used without further purification. The low vapor pressure of many of these compounds necessitated that they be gently heated (B40 1C) for sufficient gas-phase quantities to be introduced into the instrument.
Instrumentation
Three distinct experimental apparatus are utilized in the present study. The first instrument is an FA-SIFT mass spectrometer. The second instrument is a pulsed photoelectron spectrometer (pulsed PES), using a dual pulsed valve plasma entrainment ion source, pulsed nanosecond laser, and velocity map imaging detector. The third instrument is a continuous photoelectron spectrometer (cw PES) fitted with a flowing afterglow ion source, cw Ar-ion laser, and hemispherical energy analyzer. All three of these instruments have been discussed in detail previously, [48] [49] [50] [51] [52] [53] so only brief descriptions follow.
1. FA-SIFT instrument. The FA-SIFT instrument produces ions using a flowing helium plasma, made by electron impact via a filament discharge. 49 For these studies, O À is generated resulting in an anion and hydroxyl radical, or it can remove both a hydrogen atom and a proton, to produce an anion and a water molecule. The methylphenol reactant is added downstream of the O À formation region, and the products and reactants remain in B0.3 Torr He for several milliseconds before being extracted through a 1 mm orifice into a differentially pumped region (B10 À6 Torr). The anionic products are then mass selected with a quadrupole mass filter and subsequently entrained in the reaction flow tube with a laminar flow of He (B0.5 Torr). There are gas inlets at regular intervals along the flow tube where neutral reagents may be added to study the thermochemistry of gas phase ion-neutral reactions. In this study, neutral acids with known deprotonation enthalpies are introduced in order to monitor their reactivity with the anions of interest. At the downstream end of the flow tube, all anions are extracted into a differentially pumped chamber (B10 À7 Torr), mass analyzed with a triple quadrupole mass analyzer, and detected with a Channeltron electron multiplier. The acid bracketing technique used here is summarized as follows. 47 The mass selected methylenephenoxides are reacted with neutral acids of known deprotonation enthalpy (reference acids) in the laminar flowing helium. Since the anions are Lewis bases, a collision with a neutral acid will likely result in a proton transfer from the acid to the base if the proton affinity of the base is larger than the deprotonation enthalpy of the acid. If a reaction takes place, a decrease in the parent anion signal and the appearance of new anion products is observed. A rapid proton transfer reaction with a reference acid indicates an exothermic reaction, whereas no change in anion signal is assumed to indicate an endothermic reaction. Using a variety of reference acids, the trends in reactivity can be observed. The deprotonation enthalpy of the conjugate acid of methylenephenoxide (i.e. methylenephenol) lies between the values of the two reference acids wherein the proton transfer reaction changed from endothermic to exothermic. While performing experiments with the FA-SIFT, it became necessary to inject CO 2 clustered with the ions of interest into the flow tube region; this produced greater signal due to decreased diffusive loss of ions in the source. This procedure should not affect the chemistry observed. A wider mass window was used to inject the ion-CO 2 cluster and higher order clusters; the injection energy of 30-70 V is more than sufficient to dissociate the clusters into the parent ion and CO 2 , whereupon the parent ion can react unencumbered in the flow tube.
2. Pulsed PES instrument. In the pulsed PES instrument, 53 the anions of interest are synthesized in a dual pulsed valve plasma entrainment source utilizing the same reaction of methylphenol with O À . This source uses two pulsed General
Valves placed perpendicular to each other. The first is the primary supersonic expansion (1.65 bar, B1% methylphenol in Ar), while the other valve is designated the side valve (3.38 bar, 30% O 2 balance Ar). For normal daily operation, the side valve tension is adjusted such that the side gas expansion produces B10% of the total pressure rise in the source vacuum chamber. The side valve has a pulsed parallel plate discharge at the valve exit (DV B À2000 V). 51 This generates a plasma which is entrained in the primary supersonic expansion. The dominant anion generated therein, O À , then undergoes reactions with the methylphenol isomer of interest contained in the main expansion, generating products which are collisionally cooled with Ar. The most thermodynamically favorable products from the reaction of O À with methylphenol were observed, as well as other anionic products (see Results). Following their initial formation, the anions are steered into a Wiley-McLaren TOF mass spectrometer by a pulsed extraction plate, where the ions are temporally separated by their mass to charge ratio (m/z) and spatially focused into the center of a Velocity Map Imaging (VMI) interaction region. 52 A nanosecond laser pulse is timed to intercept the anion m/z of interest, photodetaching electrons. The light sources used to obtain the spectra reported here are the second and third harmonic of a Nd:YAG laser, with photon energies of 2.330 and 3.494 eV, respectively. The three-dimensional distributions of photodetached electrons are velocity mapped onto a twodimensional position sensitive microchannel plate detector coupled to a phosphor screen, which is then imaged by a CCD camera. This photoelectron image is reconstructed into the original three-dimensional velocity distribution utilizing an inverse Abel transform. This is then converted to a one-dimensional electron speed distribution. Both steps are performed using the BASEX program. 55 Finally an electron Kinetic Energy (eKE) distribution is generated by means of a Jacobian transformation. This spectrum is converted to an electron Binding Energy (eBE) distribution by subtracting the eKE from the laser photon energy (eBE = hn À eKE), yielding the reported PES.
The VMI spectrometer has a spectral resolution that is a function of eKE; the resolution decreases with increasing eKE. The experimental resolution is determined by the eKE and the FWHM of peaks in a PES due to single transitions. In all cases presented in this work, the PES of S À was used to determine the instrument resolution as a function of eKE, as well as to calibrate the energy scale. 56, 57 Typically, the resolution is B2-3% (resolution B FWHM/eKE).
3. Continuous PES instrument. In the continuous PES instrument, the ions of interest are generated in a flowingafterglow He (B0.5 Torr) plasma, similar to that used in the FA-SIFT instrument. Molecular oxygen is added to this plasma, which generates O À . Each methylphenol isomer is added through a gas inlet immediately after the O À radical anions are generated.
The products from this reaction remain in B0.5 Torr of He for several milliseconds, thermally equilibrating with the walls of the chamber (300 K), before being extracted through a 1 mm orifice into a low pressure differentially pumped region (B10 À6 Torr).
It is important to note that the reactants and products undergo multiple collisions, and hence the nascent product distributions arising from the reaction of O À and the methylphenols (i.e. the products of a single collision between an O À and methylphenol molecule) are not necessarily the products observed in the PES. After being produced and extracted into the differentially pumped region, the anionic products are accelerated to 735 eV, mass selected with a Wein velocity filter (m/Dm B 60), before being slowed to 35 eV and intersected with a fixed frequency argon ion laser (hn = 3.40814 eV), thereby photodetaching electrons from the mass-selected ions of interest. A small solid angle of these electrons is gathered in a direction perpendicular to both the ion and laser beams, and the kinetic energy is measured using a hemispherical electron energy analyzer. The laser radiation is linearly polarized at the magic angle (54.71) , ensuring that the gathered photoelectrons are directly proportional to the anion's photoelectron detachment cross section. 58 The laser has an output power of B1 Watt at 364 nm, which is coupled into the chamber via a build-up cavity locked to the laser cavity, increasing the circulated in-cavity power to B100 Watts. Because this peak results from a single (atomic) transition, its FWHM is a good approximation of the instrument resolution.
Error analysis
Throughout this work, errors in reported peak positions in the PES are typically on the order of 1 meV or less. This error is due to several factors: the statistical error in fitting the peaks to Gaussian functions to obtain the peak center, the uncertainty in the absolute energy scale, and the number of independent measurements. When reporting a particular transition energy, which uses the energy difference between peaks in a spectrum, the previous errors are taken into account and are combined with the uncertainty associated with the offset of the actual transition compared to the peak center. This uncertainty can be smaller or comparable to the aforementioned errors if only a single vibronic transition is the major contributor to the peak. However, if there are multiple transitions under the peak envelope, which can sometimes manifest itself as a non-Gaussian peak or a peak possessing a FWHM wider than would be predicted by the experimental resolution at that eKE, it can be as much as the Half-Width-at-Half-Maximum (HWHM) of the peak. The peaks presented in all reported spectra are broader than the instrument resolution and always arise from multiple transitions with significant transition intensity. Hence, this latter error dominates the reported uncertainty.
III. Theoretical methods
The BMK/6-311+G(3df,2p) method is used to calculate the vibrational normal modes of the anions and neutrals, which are subsequently employed in the computation of the FranckCondon (FC) factors. This level of theory has previously been shown to work well with distonic radical anions and their corresponding neutrals, and has been benchmarked against experiment and other high levels of theory for a range of species.
24,25
The CBS-QB3 composite method is used to determine accurate energies of the anions and neutrals in order to calculate adiabatic EAs, singlet-triplet splittings, and D acid H 298K of the protonated form of all the anions of interest. Where relevant, TDDFT is used to calculate energies, geometries, and vibrational frequencies for electronically excited singlet and triplet states of the neutral species. All of the electronic structure, normal mode, and thermochemical calculations are carried out using the Gaussian 09 program package, 61 while the FC factors are calculated using the PESCAL program. 50 To simulate the experimental spectra, PESCAL calculates the positions of all possible vibrational transitions and the FranckCondon factor associated with each transition. This information, combined with a 200 K Maxwell-Boltzmann distribution of population in the initial anionic states for the pulsed PES instrument (300 K for the continuous PES instrument), generates a stick spectrum. These sticks are then convolved with Gaussian functions whose integrated area is equal to the calculated transition intensity (FC factor) and whose FWHM is commensurate with the instrument resolution to yield the final simulated spectra. PESCAL utilizes Duschinsky rotation matrices and displacement vectors to match the initial state normal mode coordinates to the final state normal mode coordinates such that the FC integrals may be evaluated via the Sharp-Rosenstock-Chen method. [62] [63] [64] [65] The calculated FC factors make use of the harmonic oscillator approximation, with no anharmonic corrections or cross-mode couplings.
IV. Results
The reaction of O À with methylphenol could, in theory, produce a number of different anionic products. Deuteration studies were employed to verify which products were dominant for further investigation using the PES techniques. Fig. 1 displays the mass spectra collected with the FA-SIFT instrument, showing the range of products from the reaction of selectively deuterated 
methylphenols with O
À . In each case, the primary product arises from deprotonation of the hydroxyl group, generating methylphenoxide. This product has been previously studied via PES, 46 where the photodetachment from methylphenoxide produces signal that spans from approximately 2.1 to 2.7 eV. The small peaks that are 1 amu higher than the most abundant peak in each spectrum represent the anions containing one carbon-13 atom. The next most abundant product evident in the mass spectra is a loss of both H and D from the parent methylphenol. There are two possibilities for the loss of m/z = 3 from the partially deuterated methylphenol: either loss from the hydroxyl group plus loss from the methyl group, or loss from methyl group plus loss from the ring. This second option is less likely because sequential abstraction from the methyl group followed by the ring is either thermoneutral or endothermic (CBS-QB3). This is in contrast to the hydrogens found on the methyl group of methylphenoxide, for which hydrogen abstraction is exothermic using O À , OH, or OH À . Assuming this exothermic radical-ion reaction does not have a barrier to reaction, the anionic product from the loss of both H and D is expected to be an isomer of methylenephenoxide ( Fig. 2, panel A) .
There are also some smaller peaks evident in the mass spectrum, such as the loss of m/z = 4 (ortho and para) and the loss of m/z = 2 (meta). A loss of m/z = 2 for the meta isomer is likely due to deuterium abstraction from the methyl group, which was seen by Nelson et al. 46 However, a loss of m/z = 4 from ortho and para is most likely deuterium loss from the hydroxy group plus deuterium loss from the ring, and is also a possible product for the meta isomer. This is a exothermic process for all three isomers (CBS-QB3), regardless of the site of the ring loss. This will result in the production of methylphenyloxide anions (Fig. 2, panel B) .
Electronic structure calculations and FC simulations were carried out for other possible non-deuterated structural isomers with the same mass (m/z = 106) and were compared to the experimental PES. These studies were done in an effort to rule out possible proton transfer, ring opening, ring rearrangement, or other reactions giving rise to any of the peaks seen in the spectra. No photoelectron signatures belonging to these other structural isomers were positively identified in the spectra. However, even in combination with the deuteration study (Fig. 1) , this cannot completely rule out the existence of such anions in the experiment.
Prior to examining the PES, it is useful to consider what one might expect from the PES of the m/z = 106 anions resulting from the reaction of O À with methylphenol, specifically: the EAs of the neutral isomers, the possibility of observing excited electronic states, and the normal mode vibrations excited upon photodetachment. For methylenephenoxide anions (Fig. 2 , panel A) and methylphenyloxide anions (Fig. 2, panel B) , it is expected that the negative charge would primarily be localized on the oxygen. Similar substituted phenoxide anions have been studied previously, such as methylphenoxide. 46 The methylphenoxyl radical was found to have an EA of approximately 2 eV, which is a good initial estimate of what might be expected for methylenephenoxyl or methylphenyloxyl radicals. However, the ortho and para isomers of the neutral methylenephenoxyl diradicals have a significantly more stable resonance form in their singlet ground electronic state, specifically forming a substituted cyclohexadienone. For the ortho isomer, it is 6-methylene-2,4-cyclohexadien-1-one, while for the para isomer, it is 4-methylene-2,5-cyclohexadien-1-one. These stable resonance forms of the singlet ground electronic states would lower the energy of the neutral relative to the anion, resulting in a lower EA, likely to be on the order of 1 eV. With sufficient photon energy, both the ground and the lowest lying excited electronic states of the neutrals could be accessed. Considering the PES spin selection rule DS = AE 1 2 , detachment from the doublet ground electronic state of the anion would result in either singlet or triplet multiplicity for the electronic states of the neutral. If the singlet-triplet splitting for these radicals is less than approximately 2 eV, a photon energy of 3.494 eV might be sufficient to observe the origin of the excited electronic state of the neutral. Note that the above stable cyclohexadienone resonance forms for ortho and para would not be possible in their triplet excited states, and these would instead be neutral methylenephenoxyl diradicals.
The added electron primarily localized on the oxygen moiety results in a lengthening of the ring structure along this axis of the molecule relative to the structure of the neutral. Thus, upon photodetachment, primarily ring distortion vibrations are likely to be observed. This was also the case for photodetachment from methylphenoxide. Fig. 3 shows the PES of the m/z = 106 anions resulting from the reaction of O À with o-, m-, and p-methylphenol, obtained utilizing the pulsed PES instrument. For ortho and para isomers, a considerable amount of activity may be seen spanning the spectra from B1 eV through to the photon energy, 3.494 eV. The activity can largely be split into three regions based on eBE: (A) 1-2 eV; (B) 2-2.7 eV; (C) 2.7-3.494 eV, as denoted by the shaded areas in Fig. 3 . The largest integrated intensity belongs to the lowest eBE peaks, spanning approximately 1-2 eV, or region A. This is slightly lower eBE than what is expected based on initial estimates of the EA(methylenephenoxyl), but it is consistent with the revised estimate of the EA based on the resonance form of the substituted cyclohexadienone. The transitions in regions A, B, and C for the ortho and para isomers will be discussed further below.
The meta isomer shows a distinctly different PES, with no signal in region A and the majority of photoelectron signal in region B. This is more consistent with the initial predictions of the EA(methylenephenoxyl). Because it exhibits significant differences from the ortho and para isomer PESs, the meta isomer will be discussed separately.
Region A: photodetachment to the S 0 state of o-and p-methylenephenoxyl In order to obtain accurate EAs for the ortho and para isomers, higher resolution spectra of region A are necessary. Recall that the resolution of the VMI spectrometer improves as the eKE is decreased. While the transition to S 0 might appear broad in Fig. 3 , higher resolution can be achieved by either changing the photon energy used in the pulsed PES instrument, or utilizing the constant energy resolution inherent to the cw PES instrument. This latter option was chosen, and the results are shown in Fig. 4 , where the experimental data are shown as black and red traces, and the theoretical results are shown as the purple sticks (FCFs) and the green curves (convolutions). The higher resolution data reveal structured spectra, including clearly defined peaks that can be attributed to transitions from the anion to the neutral S 0 state. The origin peak is close to 1 eV, as expected for the EA of methylenephenoxyl radicals. The PES for both the ortho and para isomers show a series of peaks spaced by intervals of approximately 500 cm À1 . As mentioned previously, this is expected to be related to the ring distortion vibrational modes. In order to further analyze the spectra, a comparison between theory and experiment is instructive. For both isomers, there is good agreement between the experimental results and the theoretical predictions, further confirming the assignment of these PES as detachment from o-and p-methylenephenoxide to form the S 0 state of the corresponding neutral. For o-methylenephenoxide (top panel), peak A is predicted to be due primarily to the transition from the anion vibronic ground state to the neutral vibronic ground state, i.e. the EA. The center of peak A is measured to be 1.217 AE 0.001 eV, leading to a measurement of the EA = 1.217 AE 0.012. Similarly, peak A for the para isomer (lower panel, Fig. 4 ) is predicted to be dominated by the origin transition (EA), with its peak center located at 1.096 AE 0.001 eV, and thus the EA is measured to be 1.096 AE 0.007 eV. It is instructive to note that for both ortho and para isomers, while the origin transition contributes the largest predicted transition intensity to peak A, many other transitions also contribute, such as sequence bands and low frequency hot bands. These other transitions are distributed non-symmetrically about the View Article Online peak center, giving rise to a non-Gaussian shape and a peak width that is significantly broader than the experimental resolution. Thus, the peak HWHM is used in the error analysis and is the dominant contributor to the error on the EA. The remainder of the PES for both isomers shows good agreement between theory and experiment. In both cases, the structure present in the spectra matches transitions from the anion to vibrationally excited states in the neutral S 0 state, primarily involving ring distortion vibrational modes as expected. The energy differences between the EA and other peaks within this electronic manifold allow for measurement of the vibrational transition energies of the neutral.
For the o-methylenephenoxide PES (top panel of Fig. 4 ), Peak B is located 571 AE 10 cm À1 relative to the center of peak A. Peak B is predicted to have arisen primarily from a transition to an excited ring distortion vibrational mode, as was expected. The peak spacing relative to the EA yields an experimental measure of the neutral vibrational transition 29 higher in binding energy relative to peak A. Theory predicts peak B to be dominated by excitation of two ring distortion vibrational modes with harmonic frequencies calculated to be n 32 = 456 cm À1 and n 29 = 530 cm À1 . Due to their proximity in frequency to each other, these two modes cannot be independently measured, and therefore we assign both transitions 32 The para isomer also shows evidence of an excited electronic state vibrational progression. Some of the peaks in this spectrum are wider than the experimental resolution (by about a factor of 2) and there is an underlying continuum, some of which is extending from region B. Despite this, a theoretically predicted simulation still matches the observed spectrum quite well. The origin of the excited triplet state is measured to be 3.098 AE 0.010 eV. This results in a measured DE ST = 2.002 AE 0.010 eV, which compares very well with the theoretically predicted 2.017 eV DE ST splitting (CBS-QB3). No peaks can be definitively assigned to specific vibrational modes due to the spectral congestion, but once again, various ring distortion vibrations are responsible for the majority of the theoretically predicted Franck-Condon activity.
Region B: methylphenyloxide photoelectron spectra
Region B in Fig. 3 is now examined with higher resolution, using the VMI photoelectron spectrometer at a photon energy of 2.330 eV. These results are depicted in Fig. 6 . Peaks 3 and 9 in region B in the PES for the ortho and para isomers are located at 2.118 and 2.177 eV binding energy, respectively. This eBE is very similar to electron detachment from methylphenoxide (EA = 2.1991 AE 0.0014 and 2.1199 AE 0.0014 eV for ortho and para isomers, respectively 46 ), where the electron was located primarily on the oxygen moiety. Examining the energetic spacing between these peaks and peaks at higher binding energy in each isomer reveals energy differences of B500 cm
À1
, suggesting ring distortion vibrational excitation similar to that seen in regions A and C in the PES. From Fig. 1 , it was observed that another anion structural isomer, likely to be methylphenyloxide anions, could result from the reaction of O À with methylphenol.
This would result in a radical site on the ring and the negative charge primarily located on the oxygen moiety, consistent with the observed eBE near 2 eV. Upon photodetachment, it is likely that the bond lengths and angles of the ring might change, leading to excitation of ring distortion vibrations, again consistent with the observations. Of course, there are multiple ring sites from which a hydrogen can be abstracted, leading to the anions shown in Fig. 2 , which could result in significant spectral congestion due to several overlaid PES. Theoretical predictions of the PES for the isomers in Fig. 2 , along with the EAs of their corresponding neutrals, help to assign the observed peaks. Geometry optimization calculations performed here show that singlet diradicals with a hydrogen missing from a carbon in the ring will cause either the ring to open or significantly distort away from planarity, regardless of the site of abstraction. This type of structure is very different from the C s symmetry (planar ring) of the distonic radical anion. A severely distorted ring structure in the neutral will result in very poor Franck-Condon overlap, and at best, an extended vibrational progression upon electron detachment would be observed. This is inconsistent with the experimental observations. The triplet state of the methylphenyloxyl neutral, however, maintains the planar ring structure and C s symmetry similar to the anion, and detachment to this state would show a nearly vertical excitation spectrum, where the EA peak is one of the largest peaks in the progression. This is more consistent with the observations. 
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However, there are still a number of similar ring sites where a hydrogen could be abstracted. The most thermodynamically favorable methylphenyloxide anion is where the ring hydrogen is abstracted from the meta position relative to the oxide group. In a sequential reaction with O À within an ion-molecule complex, methylphenoxide would be formed first, followed by the resulting OH then abstracting an additional H. The exothermicity for abstracting a ring hydrogen on methylphenoxide by OH is on the order of 2.4 kcal mol À1 (CBS-QB3). The corresponding triplet neutral diradicals of isomer anions 2, 4, and 10 in Fig. 2 have calculated EAs of 2.356 eV, 2.361 eV, and 2.273 eV, respectively. Other possible isomers would be anions 1, 3 and 9 in Fig. 2 , whose corresponding triplet neutral diradicals have calculated EAs of 2.204 eV, 2.091 eV, and 2.137 eV, respectively. The reaction enthalpy for the ring hydrogen abstraction shows that formation of these anions is exothermic by approximately 1-2 kcal mol À1 . It should be noted that following the first step in the sequential reaction, a strongly activating substituent (such as O À on methylphenoxide) typically favors electrophilic attacks onto the ortho and para positions, resulting in anions 1, 3, and 9 in Fig. 2 . Regardless, all of the isomers in Fig. 2 could possibly be formed from the reaction of O À with methylphenol.
The PES simulations for isomers whose corresponding triplet neutral diradicals have EAs predicted to be below 2.330 eV (namely, isomers 1, 3, 9, 10) are shown in Fig. 6 and compared with the experimental data. Note that only the PES simulations convolved with the experimental resolution are shown here (green and purple lines). The calculated transitions and their corresponding FCFs for both panels of Fig. 6 are shown in the ESI † (Fig. S8 ). The top panel shows that the photoelectron simulations of detachment from isomers 3 and 1 match the experimental spectrum fairly well. The calculations were shifted by 0.027 eV and 0.007 eV for the PES simulations of isomers 3 and 1, respectively, in order to match the experimental observations. Given the agreement between experiment and theory, the EAs of the neutral diradicals corresponding to anion isomers 3 and 1 are determined to be 2.118 AE 0.007 eV and 2.197 AE 0.006 eV, respectively. Note that there are some disagreements in the intensity of the FCFs for the PES of isomer 1, particularly above 2.25 eV. If the EA of the neutral diradical corresponding to isomer 1 were 2.25 eV instead of 2.118 eV, the simulation would still match the experiment fairly well, but this would leave the peak currently assigned as the EA unaccounted for in the simulation. Thus, it is more likely that there is a slightly larger geometry change between anion isomer 1 and its neutral triplet diradical than is currently predicted at this level of theory (BMK/6-311+G (3df,2p) ). In particular, the intensities of the two peaks marked with asterisks (located at 2.250 and 2.305 eV) are less intense than predicted by the simulation, although only one dominant FCF is predicted to be responsible for these peaks. These two peaks are located 431 AE 30 and 867 AE 20 cm À1 , respectively, higher in binding energy than the EA. On comparison with theory, the transitions can be assigned to the fundamental and first overtone excitation in the ring distortion mode n 31 (calculated to be 441 cm À1 ) in the triplet
the normal mode vectors for this vibrational mode. The other peaks in the spectrum are not clearly dominated by one or at most two transitions to warrant further vibrational assignments. In addition, the PES for isomers 2 and 4 are not observed with this photon energy (2.330 eV). In Fig. 3 , use of a photon energy of 3.494 eV results in insufficient spectral resolution in region B to distinguish the PES for isomers 2 and 4. As a result, the EAs of the corresponding neutral molecules cannot be assigned.
In the bottom panel of Fig. 6 , the photoelectron simulations for isomers 9 and 10 are seen to match the experimental observations fairly well, again following small shifts of 0.040 eV and 0.032 eV, respectively, to higher binding energy. Given the agreement between the experiment and theoretical predictions, the EAs of the neutral diradicals of isomers 9 and 10 are found to be 2.177 AE 0.006 eV and 2.305 AE 0.005 eV, respectively. As expected, the peaks observed in both experimental spectra are due to vibrational excitation of ring distortion modes upon photodetachment to the triplet neutral. However, given the spectral congestion apparent in the simulation combined with the overlapping spectra due to multiple isomers, no assignment of peaks to specific vibrational modes is possible.
Photoelectron spectrum of m-methylenephenoxide
The PES of m-methylenephenoxide proved more challenging to interpret, both experimentally and theoretically. Experimentally, no photoelectron signal was observed in region A, unlike in the PES for the other two isomers. This observation is consistent with the lack of the more stable singlet electronic state resonance form of cyclohexadienone that the ortho and para isomers possess. The majority of the photoelectron signal was observed in region B, with some additional signal in region C. There was a photon energy dependence of the signal observed when using 3.494 eV photon energy, as shown in Fig. S4 of the ESI. † As a result, 3.832 eV photon energy is used to obtain the results portrayed in Fig. 7 . Additional PES are shown in the ESI, † using 3.494 eV and 2.330 eV photon energies. For region B, there appear to be possibly two progressions, with the peak near 2.2 eV marking the onset of the first progression, and the peak near 2.4 eV marking the start of the second progression. These onset energies are consistent with the predicted EA(m-methylenephenoxyl) of approximately 2 eV. Because of the possible spectral congestion in region B, calculations were necessary to aid in the PES interpretation.
Initial attempts at calculations not reported here showed inconsistency over a wide range of theoretical methods and basis sets, with large disparities in the EA(m-methylenephenoxyl), and sometimes large degrees of spin contamination and unphysical geometry optimizations. Throughout these calculations, however, the ground state of the m-methylenephenoxyl diradical was always the triplet state, in contrast to the other two isomers. As mentioned previously, the levels of theory that are employed in this work were chosen because of their previous success with other distonic radical anions and their diradical neutrals. 24, 25 The EA of the triplet ground state of m-methylenephenoxyl is calculated (CBS-QB3) to be 2.186 eV, whereas the origin of the singlet excited state is 2.568 eV, 0.382 eV higher in energy than the triplet ground electronic state. Both of these electronic state origins, then, are predicted to be in region B of the experimental spectrum, which is consistent with the experimental observation of possibly two progressions in region B.
As seen in Fig. 7 , the experimental spectrum is matched fairly well by the theoretically predicted simulation of photodetachment to form the triplet ground state and singlet excited state of neutral methylenephenoxyl diradical. Note that the simulations have been slightly shifted to best match the experimental spectrum, such that the T 0 origin, or the EA(m-methylenephenoxyl) = 2.227 AE 0.008 eV, and the S 1 origin is found at 2.418 AE 0.040 eV. The EA(m-methylenephenoxyl) was determined from a higher resolution experimental spectrum shown in Fig. S6 (ESI †), which uses 2.330 eV photon energy. Unfortunately, the S 1 origin is higher in energy than the 2.330 eV photon energy used in Fig. S6 (ESI †), so this lower resolution spectrum (Fig. 7) must be used to assign it, resulting in a larger error bar. The calculated transitions to the T 0 and S 1 states and associated FCFs are shown in Fig. S5 in the ESI. † An added complication to the interpretation of the spectrum in region B is due to the possible presence of methylphenyloxide radical anions. For each possible methylphenyloxide isomer shown in Fig. 2 , the corresponding triplet neutral species have EAs in the range of 2.1-2.5 eV. While thermodynamically the methylenephenoxide anion should be the most abundant, this does not rule out the presence of methylphenyloxide isomers. Indeed, in Fig. S6 (ESI †), an additional peak (near 2.27 eV) is observed in region B which is not accounted for by photodetachment to the T 0 state of the methylenephenoxyl diradical. This peak is very close to the calculated origin of the PES for isomers 5 (2.243 eV) and 8 (2.241 eV), but cannot be unambiguously assigned to either isomer due to the similarity in the calculated PES. The experimental spectra in both Fig. 7 and in the ESI † show several additional peaks in region B which are spaced by approximately 500 cm À1 from each other, consistent with the expected ring distortion vibrational excitation. However, the low experimental resolution and spectral congestion in this region of the spectrum does not allow for any vibrational mode assignments to be made. The peaks seen in region C of the spectrum of the meta isomer span approximately 0.5 eV, with the start of the progression near 3.18 eV. The experimental spectrum shows several peaks in region C which are spaced by approximately 500 cm À1 from each other, again consistent with ring distortion vibrational excitation. Like the ortho and para isomers, region C is due to detachment to an excited electronic state of the neutral methylenephenoxyl radical. However, unlike these other isomers, m-methylenephenoxyl radical has several very low lying electronic states, all of which are accessible by the photon energy used here (3.832 eV). The T 0 , S 1 , T 1 , and S 2 electronic states of m-methylenephenoxyl are calculated (TDDFT) to be within approximately 1 eV of each other, and therefore they are all accessible by the 3.832 eV photon energy. The second lowest lying excited state is the T 1 electronic state, which is predicted to have an EA near 3.19 eV, very close to the observed onset of the progression in region C. A simulated PES for the transition to the T 1 state of m-methylenephenoxyl is shown in Fig. 7 (red line), and matches the experimental spectrum very well. The experimental origin of the T 1 state is determined to be 3.182 eV AE 0.010 eV. There are a few peaks near 3.30 eV which are not accounted for by only detachment to the T 1 state of methylenephenoxyl. These could be due to detachment to the excited S 2 state, which is predicted to have a vertical detachment energy near 3.33 eV. The PES for detachment to the S 2 excited electronic state has not been simulated here due to TDDFT geometry optimization convergence problems. The calculated transitions to the T 1 state and associated FCFs are shown in Fig. S7 in the ESI. † Again, the spectral congestion in this region of the spectrum does not allow for any definitive vibrational mode assignments to be made.
Thermochemistry
The acid bracketing technique was used to determine the deprotonation enthalpy of the protonated forms of the three main anions studied in this work, namely o-, m-, and p-methylenephenol. These results were gathered with the FA-SIFT instrument and are combined with the other thermodynamic results presented in Tables 1 and 2 . Using these data, experimental values for D acid H 298K of the o-, m-, and p-methylenephenol radicals were found to be 341.4 AE 4.3, 349.1 AE 3.0, and 341.4 AE 4.3 kcal mol À1 , respectively. These were theoretically (CBS-QB3) predicted to be 342.1, 348.0, and 340.6 kcal mol
À1
, respectively. This comparison assumes that the protonation site of the distonic radical anions in the experiment was the oxygen atom, and the close agreement with the experimental results corroborates this assumption. Protonation on the CH 2 site was also modeled, but those predictions fell outside the experimental error bars by 410 kcal mol À1 , and were therefore discounted. The experimental determination of the deprotonation enthalpies and the EAs of o-, m-, and p-methylenephenoxyl enables a determination of the O-H bond strength in the methylenephenol radical isomers in the gas phase, via a thermochemical cycle. 66 The experimental values for the deprotonation enthalpies were adjusted to their 0 K values using the calculated heat capacities at constant pressure, C p . 46 The dissociation energies were derived to be 55 AE 5, 86 AE 4, and 52 AE 5 kcal mol À1 for o-, m-, and p-methylenephenol, respectively. These are similar to the theoretical bond dissociation energies of 57.2, 83.6, and 53.6 kcal mol
, respectively.
V. Discussion
In general, the experimental PES for all three isomers of methylenephenoxide were well reproduced by theoretical predictions, and a summary of some of these results can be found in Table 2 . PES signatures belonging to additional isomers (methylphenyloxide) were found to be present in the experimental data, which was particularly important in explaining the experimental observations in region B of the spectra. See Table 3 for this additional summary of results. The EAs of the methylenephenoxyl diradicals measured in this work can be compared to the deprotonated methylphenols, studied previously, in order to gain additional physical insight. 46 The EAs for the o-, m-, and p-methylphenoxyl radicals are 2.1991 AE 0.0014, 2.2177 AE 0.0014, b Calculated values using CBS-QB3 composite method. c Refers to the triplet ground electronic state of m-methylenephenoxyl radical. There remain several disparities between the experimental results and the theoretically predicted PES that are common across all of the PES reported here. First, at higher binding energies, the predicted peak positions tend to be higher in energy compared to the experiment. This is most likely due to anharmonicity effects, which were not included in the FrankCondon simulations. Second, there is typically more broadening than can be explained by experimental resolution or predicted spectral congestion. One might consider if rotational broadening could explain this, but the predicted changes in the rotational constants for all the isomers considered here are o0.01 cm À1 , making this an unlikely contribution to the observed broadening. 69 Such extensive broadenings in larger aromatic and/or diradical compounds have been frequently observed previously. 11, 16, 27 Third, a photon energy dependence of the ortho and meta PES was observed and these spectra are shown in the ESI. † This is particularly obvious for the meta isomer (Fig. S4, ESI †) , where some peaks attributed to the S 1 state noticeably change intensity when using 3.494 eV versus 3.832 eV photon energy. This phenomenon is attributed to electron autodetachment, which has been a hallmark in similar aromatic species. 46, [70] [71] [72] It should also be noted that some of the additional line broadening was observed to have a photon energy dependence. Thus, electron autodetachment is one possible reason for the disagreement with our simulations, which do not take such phenomena into account.
VI. Conclusions
The photoelectron spectra of the distonic radical anions o-, m-, and p-methylenephenoxide have been studied. The EAs of the corresponding neutrals were measured to be 1.217 AE 0.012, 2.227 AE 0.008, and 1.096 AE 0.007 eV, respectively. Upon photodetachment, vibrational ring distortion modes were shown to be Franck-Condon active and have measured frequencies of 570 AE 180 and 450 AE 80 cm À1 for the ortho and para isomers' neutral singlet ground electronic states. Photodetachment to the electronically excited states was also investigated and similar vibrational modes were found to be Franck-Condon active. Detachment to the excited triplet state of the ortho isomer showed excitation of ring distortion vibrational modes with a measured frequency of 450 AE 160 cm À1 . Additional anions (methylphenyloxides) were observed to be formed following the abstraction of (H + H + ) from methylphenol by reaction with O À . Although the photoelectron spectra of these methylphenyloxides were spectrally congested due to overlapping spectra, several EAs of their corresponding neutrals were measured. The thermochemistry of these molecules was also investigated using flowing afterglow-selected ion flow tube mass spectrometry in conjunction with the acid bracketing technique, yielding deprotonation enthalpies for the o-, m-, and p-methylenephenol radical anions to be 341.4 AE 4.3, 349.1 AE 3.0, and 341.4 AE 4.3 kcal mol À1 , respectively. Construction of a thermodynamic cycle allowed for an experimental determination of the relatively weak bond dissociation energy of the O-H bond for the ortho and para methylenephenol isomers to be 55 AE 5, and 52 AE 5 kcal mol À1 , respectively. The m-methylenephenol isomer has a stronger O-H bond, 86 AE 4 kcal mol
À1
, which is very similar to the O-H bond strength in m-methylphenol. Most of the observed trends regarding the EAs and thermochemistry can be explained by the significant stabilization of the ground singlet electronic state of the ortho and para isomers brought about by the formation of a substituted cyclohexadienone rather than a diradical.
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